Introduction
============

A human interface requires soft and flexible features to accomplish its function while following the deformable shapes of a living body. Various soft and flexible devices have been reported for wearable products^[@bib1],[@bib2]^. It has also become increasingly important to incorporate softness and flexibility into microelectromechanical systems (MEMS), especially those used for biomedical applications such as a neurointerface and in the design of minimally invasive medical instruments^[@bib3]^.

MEMS were first established on microelectronics technologies using Si as the principal semiconductor material. In addition to hard Si substrates that are commonly used for microelectronics and MEMS, a flexible substrate such as a polyimide circuit board has been widely used in the design of electronics products. A polyimide circuit board is useful for connecting different rigid substrates due to its flexibility. Multielectrodes are used to employ a flexible polymer circuit board as a substrate for a neurointerface.

In addition to softness and flexibility, polymers have additional attractive features as a substrate of MEMS for biomedical applications. A micro channel for micro total analysis systems (μTAS) requires fine structures with optically transparent or electrically insulating properties. A transparent polymer allows for observations of phenomena in a micro channel. Multiple electrodes can be arranged and isolated onto an insulating polymer structure. Various methods have been developed for the manufacturing of polymer microstructures. For example, the molding technique is one of the most common methods used for polymer micromachining. Printing technology such as screen-printing technology has been used for fine patterning on a flexible substrate. In addition, inkjet-printing technology for MEMS has been reported^[@bib4],[@bib5]^, and the roll-to-roll process has attracted attention as a highly productive method^[@bib6]^.

As one of the most advanced biomedical technologies, tissue engineering shows great potential in both regenerative medicine and drug development^[@bib7; @bib8; @bib9; @bib10; @bib11; @bib12]^. In the future, it may be possible to provide personalized medicine using cultured cells based on this technology. However, cultured cells in a dish or chip are prepared in a planar environment, whereas real tissues in the human body consist of three-dimensional cellular structures. Therefore, three-dimensional cellular structures should be used to examine phenomena that can better mimic the actual processes occurring in the human body. Scaffold techniques allow for the laboratory production of three-dimensional cellular structures^[@bib9]^, and three-dimensional cell cultures such as cellular aggregates have been studied for applications in drug screening^[@bib10; @bib11; @bib12]^. In laboratories, cultured cells and tissues are usually handled with conventional pipetting techniques. However, to ensure quality assurance and precise control of a biological product, a specific device is required for the manipulation of tiny and sensitive cellular tissues without inducing damage.

To this end, devices for culturing and transporting a cellular aggregate have been reported in the field of μTAS^[@bib13]^. We recently reported a cellular aggregate capture device using fluidic manipulation^[@bib14],[@bib15]^. Other studies have also focused on methods for cell manipulation^[@bib16],[@bib17]^. Compared to the non-contact-type manipulation of cultured cells, soft structure and flexible motion are suitable for the contact manipulation of tiny and fragile living organisms. One of the present co-authors has studied the use of a pneumatic balloon actuator (PBA), which has small, soft and safe features. A PBA uses polydimethylsiloxane (PDMS) as its structural material and uses pneumatic pressure as its safe driving principle^[@bib18]^. On the basis of this design, the use of soft microfingers driven by the PBA to pinch and release a cellular aggregate was proposed^[@bib19]^. The proposed microfingers are driven by the PBA, which was developed as an artificial muscle^[@bib20]^. The polymers provide soft and flexible structures and also showed good compatibility with fluidic MEMS. Among the candidates for the driving principle of actuators, pneumatic actuation shows particular advantages due to its high-force density^[@bib21]^. Moreover, the combination of an elastic polymer structure and pneumatic actuation enables safe operation. The PBA was first designed to transform the swelling motion of a balloon into a bending motion^[@bib20]^ and was developed for generations^[@bib18],[@bib22]^. [Figure 1](#fig1){ref-type="fig"} shows the basic principle of the all-PDMS PBA developed as the third generation^[@bib18]^. Specifically, the third-generation PBA consists of two PDMS films with different thicknesses or material properties. The typical size of a PBA is sub-millimeters in-plane and several tens of micrometers in thickness. A PBA typically generates hundreds of milliNewtons at hundreds of kilopascals.

One of the present co-authors has been continuously working on small, soft and safe MEMS to overcome the current challenges in biomedical applications including neuro-engineering^[@bib7],[@bib23]^, minimally invasive surgery^[@bib24]^, drug delivery^[@bib25]^ and tissue engineering^[@bib26],[@bib27]^. For example, transplantation surgery of cellular sheets based on tissue engineering shows good potential to effectively cure inextirpable disease or congenital failure. In fact, for transplantation surgery in a sensitive eye, which is one of the most challenging medical operations because of the narrow surgical space, a novel surgical instrument for the retinal pigment epithelium sheet transplantation was demonstrated using PBA^[@bib25],[@bib26]^. In this paper, we present a novel application of a PBA showing its potential in the abovementioned achievements in biomedical fields.

Materials and methods
=====================

Preparation of cellular aggregate
---------------------------------

We used human mesenchymal stem cells (hMSCs) for the cellular aggregate^[@bib28]^. Bone-marrow-derived immortalized hMSCs were kindly supplied by Dr Toguchida's laboratory (Kyoto, Japan)^[@bib28]^. The hMSCs were cultured in Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10 vol% fetal calf serum (Thermo, Waltham, MA, USA), penicillin (50 U mL^−1^), and streptomycin (50 U mL^−1^) (standard medium) and then cultured at 37 ℃ in a 95% air/5% carbon dioxide atmosphere. The culture medium was changed every 2 days and the confluent cells were subcultured though trypsinization. Preparation of hMSC aggregates will be described. A PVA sample (degree of polymerization, 1800; saponification, 88 mole%), kindly supplied from Unichika (Tokyo, Japan), was dissolved in phosphate-buffered saline (PBS; 1 wt%). PVA solution was added to each well of round-bottomed (U-bottomed) 96-well culture plate (100 mL per well) and incubated at 37 ℃ for 15 min. Next, the solution was removed by aspiration and the wells were washed twice with PBS (100 mL per well). hMSCs were separately suspended in the standard medium, and the hMSC suspension (2×10^4^ cells mL^−1^, 50 mL per well) was added to the coated wells. After 1 day, hMSC aggregates were formed and used for the next experiment.

Design and fabrication of microfingers using a PBA
--------------------------------------------------

Microfingers were designed to manipulate tiny and sensitive cellular aggregate without damage to ensure reliable biological products. [Figure 2](#fig2){ref-type="fig"} shows a schematic view of the microfingers. The bending motions of two opposing PBAs facilitate the opening/closing motion of the fingertips. The fingertips close normally and open by pressurization. [Figure 3](#fig3){ref-type="fig"} shows a series of operations: (1) initial state; (2) introducing the microfingers in to a well and opening the fingertips by actuators; (3) pinching of an object by stopping the actuation; (4) moving to a desired well; (5) positioning in a well; and (6) releasing an object by opening the fingertips.

Microfingers were fabricated by considering biocompatibility with the use of microfabrication-friendly materials. The microfingers were designed by taking into account of the size of a cellular aggregate, which was estimated to be 200 μm for this study. Furthermore, the size of the well plate (650185, Greiner-bio-one) was also considered. As a result, the opening gap between opposing microfingers was designed to be 400 μm. A microfinger driven by PBA bends at 30° and 150 kPa based on our typical design and condition. Thick PDMS (8:1 in mixture ratio) and thin PDMS (12:1 in mixture ratio) were spin-coated at 1000 rpm and 3000 rpm, respectively, and were then bonded together to form the PBA. The length and width of each fingertip was designed to be 900 and 560 μm, respectively. A whole microfinger was designed to be 12 mm in length and 1.6 mm in width by taking into account the size, which was 10 mm in depth and 7 mm in diameter.

In our design, the microfingers could be normally closed and opened by the PBA. The pinching force was determined based on the stiffness of the PDMS-based structure, which was later estimated to be several tens of microNewtons.

[Figure 4](#fig4){ref-type="fig"} shows the fabrication process of the microfingers. First, an SU-8 mold structure was formed on a Si substrate ([Figures 4a and b](#fig4){ref-type="fig"}). Next, the PDMS was spin-coated on an SU-8 mold and then thermally cured ([Figure 4c](#fig4){ref-type="fig"}). As shown in [Figure 4d](#fig4){ref-type="fig"}, the PDMS film was peeled off and pre-cured, and then placed onto another thin PDMS film. The two PDMS films were completely thermally cured so as to be bonded together ([Figure 4d](#fig4){ref-type="fig"}). After masking with the polyimide film ([Figure 4e](#fig4){ref-type="fig"}), parylene C was deposited on the surface of the fingertip to prevent two opposing fingertips from sticking together ([Figure 4f](#fig4){ref-type="fig"}). Sequentially, the surface was exposed to vacuum ultraviolet (VUV) treatment to control its hydrophilicity ([Figure 4g](#fig4){ref-type="fig"}). Details of the surface modification of the microfingers are provided in the following sections. Unnecessary parylene C was removed by lift-off together with the polyimide mask ([Figure 4h](#fig4){ref-type="fig"}). A single microfinger was prepared at this step. Two microfingers were positioned back-to-back and bonded together ([Figure 4i](#fig4){ref-type="fig"}). An interconnection hole was punched to complete the fabrication process ([Figure 4j](#fig4){ref-type="fig"}). [Figure 5](#fig5){ref-type="fig"} shows the resulting fabrication of the microfingers; the dimension of a single finger was 560 μm×900 μm.

Surface treatment of the microfingers
-------------------------------------

Water-soluble PVA is typically used to hydrophilize a well plate to serve as a culture vessel for a cellular aggregate as aforementioned. A PVA, which is a synthetic resin with strong hydrophilicity, is coated and dried onto the surface. This study used PVA to hidrophilize the surface of the microfingers. Perfluorodecyltrichlorosilane (FDTS) was also used to prepare hydrophobic surface on the PDMS. FDTS was formed on the PDMS surface as follows. For the fluorination, the surface of the PDMS device was modified using the silane-coupling technique with 1H,1H,2H,2H-perfluorododecyltrichlorosilane (FDTS, Sigma-Aldrich, St. Louis, MO, USA). Prior to treatment with the silane-coupling agent, the surface of the PDMS device was first treated with low-pressure oxygen gas plasma or VUV. The OH groups and COOH groups were then generated on the PDMS polymer chains. The activated PDMS device was treated with FDTS at room temperature over 12 h in a vacuum desiccator.

Alternatively, VUV can be used to hydrophilize and clean an object via ultraviolet radiation. The active oxygen formed by the ultraviolet radiation cuts the molecular chains of the irradiated surface layer and generates new functional groups (OH, CHO and COOH) by reacting with the cut molecules. We performed VUV treatment on the parylene C surface. The high hydrophilicity of these functional groups improved the hydrophilicity of the irradiated object.

System composition
------------------

The implemented system is composed of the fabricated microfingers, a probe, an XYZ stage, and a pneumatic system. The probe and XYZ stage were accessories of the manual prober (OYM-90, Oyama, Co., Ltd., Kobe, Hyogo, Japan). The strokes and feeding distances in all directions were 10 mm and 500 μm/rotation, respectively. The motorized positioning stage (XA05A-L2, Kohzu Precision Co., Ltd., Kawasaki, Kanagawa, Japan) was introduced in addition to the manual prober. The stroke and resolution of the positioning system were ±25 mm and 1 μm, respectively. The pneumatic system had a pressure source (AS4P-6, KOBELCO), a regulator (ITV0050, SMC), and an electromagnetic valve (VX240KF, SMC). The present system was manually positioned using a manual positioner; however, use of an automatic position control system is currently being investigated. The behavior of microfingers and the system were observed by two microscopes (PS-1000, SHICOH and VHF-500 F/VH-Z50L, KEYENCE). One was used for observations from the bottom of the dish and the other was for viewing from the side. In our evaluation, a load cell (LVS-5GA, Kyowa Electronic Instruments Co., Ltd., Chofu, Tokyo, Japan) was used to measure the force generated by the microfingers.

Restoring force measurement of the microfingers
-----------------------------------------------

A cultured spherical cellular aggregate reaches up to several hundred micrometers in diameter. The fingertips are opened by 100 μm when the microfingers pinch a *φ*200-μm cellular aggregate. We measured the restoring force generated by bent fingertips made of PDMS. The fingertip was fixed at one edge and was pushed by a load cell (LVS-5GA, Kyowa Electronic Instruments Co., Ltd.) positioned by XYZ stage. The load cell can measure the restoring force generated by the fingertip. As a result, the restoring force was measured to be 30 μN when the fingertip was bent by 100 μm. The restoring force was increased proportional to the deformation of fingertip. The restoring force increases \~45 μN when the microfingers pinch a *φ*300-μm cellular aggregate.

Evaluation of cell damage
-------------------------

We used lactate dehydrogenase (LDH) activity to quantify the cell damage^[@bib29]^. The percentage of cells damaged was determined by measuring the assay-determined LDH released relative to a completely lysed sample (sonicated) and a supernatant sample before being subjected to the flow contraction. The LDH assay was performed by LDH Cytotoxicity Detection Kit (Takara Bio Inc., Kusatsu, Shiga, Japan) according to the manufacturer's instructions.

Results and discussion
======================

Basic performance of the microfingers
-------------------------------------

First, the pinching of a cellular aggregate was estimated to evaluate the basic performance of the microfingers. [Figure 6](#fig6){ref-type="fig"} shows the operation result of the microfingers. The developed microfingers were driven in the air as well as in PBS. PBA was operated to open the fingertips that were set to be normally closed. A cellular aggregate (that is, the target object) was pinched by the restoring force of the PDMS structure. For characterization, we measured the restoring force of the developed microfingers using a load cell. The pinching force against a *φ*200-μm cellular aggregate was estimated to be 30 μN. Furthermore, we evaluated the damage caused to the cellular aggregate when it was pinched by the microfingers. We applied loads in the range of 10--200 μN to the cellular aggregate and then measured the LDH activity in terms of the cellular cytotoxicity ([Figure 7](#fig7){ref-type="fig"}). The LDH assay showed that the cellular cytotoxicity began to increase at a load of 130 μN and tended to increase for larger loads. Consequently, the cytotoxicity can be considered to be sufficiently small because the microfingers are estimated to apply a load of only 30 μN when they pinch a *φ*200-μm cellular aggregate.

Surface modification for pinching and releasing by the microfingers
-------------------------------------------------------------------

We evaluated sequential manipulations involving both pinching and releasing of a cellular aggregate by the microfingers. First, we used the microfingers made of PDMS coated with parylene C without any additional surface modification. When the microfingers were opened for releasing of the cellular aggregate after pinching it by the microfingers, it tended to stick on the microfingers and was difficult to release. We considered that the adhesive strength of the cellular aggregate depended on the hydrophilicity of the contact surface. On one hand, low hydrophilicity would prevent the microfingers from releasing an object. On the other hand, high hydrophilicity of the surface of microfingers would cause difficulty in holding onto the object.

Parylene C was deposited on the surface of the fingertip to prevent the two opposing fingertips from sticking together. We decided to apply a further surface modification to improve the surface condition for both pinching and releasing. Thus, PVA coating was first applied to hydrophilize the surface. In addition, we estimated the adhesive dependence of cellular aggregates on a hydrophobic surface using FDTS as a control.

[Table 1](#tbl1){ref-type="table"} summarizes surface condition dependence of the contact surface on pinching and releasing. First, we focused on PVA, which is coated on the surface to increase the hydrophilicity. The microfingers were introduced into the PVA solution in the open state and then air dried for 15 min. As a result of this treatment process, the contact angles of parylene C surface decreased from 95° to 12°. This manipulation made it more difficult to hold on to the cellular aggregate so that it was easier to release.

As a control, the effects of FDTS coating, which has a higher hydrophobicity, were also estimated. The contact angle of the FDTS-coated surface was 117°. As expected, the FDTS surface showed a similar result to the parylene C surface, in that it was not possible to release the cellular aggregate after holding. Therefore, the PVA treatment was applied to the FDTS surface in the same manner as conducted for the parylene C surface. This process resulted in a decrease of the contact angle of the FDTS surface to 17°, and also made it more difficult for the microfingers to hold on to the cellular aggregate.

These results showed that a surface with high hydrophilicity prevents the microfingers from holding onto the cellular aggregate.

We next focused on parylene C and established intermediate condition between the above treatments. We estimated VUV exposure for the hydrophilic treatment of the parylene C surface. The irradiation time of VUV was set to 150 s. The VUV treatment of the parylene C-coated PDMS resulted in a contact angle of 40°, which enabled the microfingers to effectively pinch and release a cellular aggregate.

Cellular aggregate manipulation by microfingers
-----------------------------------------------

[Figure 8](#fig8){ref-type="fig"} shows a series of operations using the improved microfingers. The microfingers were observed both from the side and the bottom using two microscopes and positioned on an XYZ stage. The magnified photographs in the upper left/right-hand corners of [Figure 8](#fig8){ref-type="fig"} show a *[φ]{.ul}*200-μm cellular aggregate together with the opening/closing the microfingers. The gap between the open fingertips was \~450 μm. Therefore, we could successfully execute the pinching and releasing operation.

The cellular aggregate could also be transported to another desired well according to the design of the manipulation system. [Figure 9](#fig9){ref-type="fig"} shows the experimental set-up and operational results of cellular aggregate manipulation. A cellular aggregate can be identified through the microscope, enabling the microfingers to be positioned towards the cellular aggregate. The following series of operations was possible using the positioning system: (1) initial state; (2) recognizing a cellular aggregate in a well or dish; (3) positioning the microfingers to a targeted cellular aggregate; (4) pinching a cellular aggregate by opening and closing the fingertips; (5) moving to the destination; and (6) releasing a cellular aggregate by opening the fingertips. The series of operations were performed successfully by the implemented microfingers and positioning system as shown in [Figure 9](#fig9){ref-type="fig"}.

Conclusion
==========

Soft microfingers were designed for manipulation of a cellular aggregate, these soft microfingers were implemented and evaluated in this paper. The contact surface of the microfingers was improved, and the manipulation system was implemented to accomplish a manipulation task. A bending type of PBA was applied to drive the microfingers by exploiting its small, soft and safe features. Two bending PBAs were bonded back-to-back to function as the microfingers. The fingertips closed normally and could be opened by pressurization. The dimensions of a single fingertip were 560 μm×900 μm.

Pinching of a cellular aggregate was evaluated to test the basic performance of the developed microfingers. The restoring force by pinching the microfingers against a *φ*200-μm cellular aggregate was estimated to be 30 μN. In the damage evaluation according to cellular cytotoxicity, no obvious damage was observed when applying up to 1 mN of restoring force. The result showed that the developed microfingers are suitable for cellular aggregate manipulation.

The combination of releasing and pinching of a cellular aggregate highlighted an initial problem of the cellular aggregate sticking to a fingertip. We solved this problem by improving the wettability condition of the surface of the microfingers. We examined various surface conditions and employed VUV treatment of the parylene-coated PDMS with a contact angle of 40°. Furthermore, a positioning system using an XYZ stage allowed for targeted positioning of microfingers for transport to a desired location. As a result, the series of operations including pinching and releasing could be successfully performed with the developed microfingers.
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![Basic principle of an all PDMS bending PBA consisting of two PDMS films with different thicknesses or material properties: (**a**) schematics; (**b**) photographs.](micronano201548-f1){#fig1}

![A schematic view of the microfingers composed of two opposing PBAs. Normally, closed microfingers that are open due to the bending motion of the PBAs.](micronano201548-f2){#fig2}

![Series of operation for cellular aggregate manipulation. (**a**) Initial state; (**b**) inserting opened microfingers into a well; (**c**) pinching of an object; (**d**) moving to a desired; (**e**) positioning into the desired well; (**f**) releasing of the object.](micronano201548-f3){#fig3}

![Fabrication process of microfingers. (**a**) Si substrate, (**b**)formation of SU-8 mold, (**c**) spin-coating and thermal-curing of PDMS on SU-8 mold, (**d**) peeling off from SU-8 mold and bonding to thin PDMS film, (**e**) placement of polyimide mask onto the thin PDMS film, (**f**) deposition of parylene C onto fingertips, (**g**) surface hydrophilic treatment by VUV, (**h**) removal of the polyimide mask, to prepare a single microfinger, (**i**) bonding of two microfingers, and (**j**) punching for interconnection.](micronano201548-f4){#fig4}

![Fabrication results of microfingers. (**a**) Front view, (**b**) side view, (**c**) magnified image of the fingertips. A single finger was 560 μm×900 μm. PBA at the fingertip was 160 μm×600 μm.](micronano201548-f5){#fig5}

![Driving results of microfingers in PBS solution. (**a**) Initial state of microfingers, (**b**) opened fingers by pressurization, and (**c**) closed fingers by decompression.](micronano201548-f6){#fig6}

![Evaluation result of cellular cytopathy using a LDH assay. The cellular cytotoxicity began to increase at \~130 μN.](micronano201548-f7){#fig7}

![A series of operations of pinching a cellular aggregate (200 μm). Photographs correspond to the illustrations of [Figure 2](#fig2){ref-type="fig"}. The cellular aggregate could be pinched, moved, and then released from one well to another target well.](micronano201548-f8){#fig8}

![Manipulation of a cellular aggregate using a three-dimensional tracking stage system. (**a**) A whole view of the setup. (**b**) Series of operation using the tracking stage system: (**b-1**) initial state; (**b-2**) positioning; (**b-4**) pinching a cellular aggregate by microfingers; (**b-5**) moving to the destination; (**b-6**) releasing a cellular aggregate.](micronano201548-f9){#fig9}

###### Surface wettability optimization for both holding and releasing cellular aggregate by microfingers
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